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PANELS OF VARTOUS MATERIALS

By Norris F. Dow, William A. Hickman, and B. Walter Rosen
SUMMARY

Flat skin-stringer compression panels of stainless steel, mild
steel, titanium, copper, four aluminum alloys, and a magnesium alloy
were tested. The results show the effect of variations in yield stress,
Young's modulus, and both yield stress and Young's modulus for constant
yield strain on the average stress at maximm load, on the stress for
local buckling, and on the load-shortening characteristics of the panels.

INTRODUCTION

The materials from which aircraft structures are made are always
subject to change as manufacturers of materials improve their products
and as changing aircraft forms and requirements demand new and stronger
materials for the structure. Even with a given material, during a
single flight an airplane may be subjected to a range of temperature
conditions that will cause the properties of the material to change
appreciably.

In order to make proper allowance in design for all these changing
conditions, correlation must be effected between material properties and
structural strength. In compression, proper correlation requires con-
sideration of both the stress at which buckling occurs and the average
stress at maximm load. For simple shapes, the relationship between the
stress-strain curve for the material and the buckling strength has been
fairly thoroughly investigated (refs. 1 to 4). Again, for simple shapes,
a start has been made on effecting the correlation between material prop-
erties and the average stress at maximum load (refs. 2 to 5). In the
case of more complex shapes, such as the longltudinally stiffened panel
with which the present paper is concerned, considerations of the effect
of varying materiasl properties have been in the main restricted to the
determination of the relatively small corrections required to bring test
results into line with the results to be expected when materials of
guaranteed minimm properties are used. Examples of studies of such
corrections are references 6 and 7. Studies of effects of large changes
in material properties have been begun by Wimer (ref. 8) and by Holt

(ref. 9).
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In the present study, in order to provide data which may be used
as a basis for analysis of the effect of variation in masterial properties
on the compressive strengths of panels, a wide range of panel proportions
and materisls were experimentelly investigated. The proportions were
selected to correspond to those investigated in previous studies by the
National Advisory Committee for Aeronauties (for example, refs. 10 to 12).
The materials were selected to provide information on the effect on panel

strength of the following:

Phase I: A varigtion in compressive yleld stress with a substan-
tially constant Young's modulus

Phase II: A variation in Young's modulus with & substantially con-
stant compressive yield stress

Phase ITII: A variation in both Young's modulus and compressive
yield stress

Experimental measurements were made of average stress at maximum
load, stress for local buckling of the sheet, and of the relationship
between average stress and unit shortening which defines, for any given
unit shortening, the effectiveness of the cross section for resisting
additional deformation.

SYMBOLS
c coefficient of end fixity in Buler column formula (taken as
3.75 for all tests, as in refs. 10 and 11)
B Young's modulus of elasticity, ksi
L/p slenderness ratio
€ strain
€ unit shortening
€p unit shortening at maximum load
€cy compressive yield strain (0.2-percent offset)
g stress, ksi

o average stress, ksi
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ag average stress at maximum load, ksi

Oer stress for local buckling of sheet, ksi

ch compressive yield stress (0.2-percent offset), ksi
by width of outstanding flange of stringer, in.

bS stringer spacing, in.

by width of web of stringer, in.

L length of panel, in.

Ty bend radius of stringer, in.

tg skin thickness, in.

ty stringer thickness, in.

X,n constants used in Ramberg-Osgood representation of stress-strain

curves (ref. 13)

Symbols used for the various panel dimensions are also given in
figure 1.

MATERTATS INVESTIGATED

For the purpose of providing data on the effects of material prop-
erties, the specimens were selected to permit an evaluation based on the
effects of compressive yileld stress and Young's modulus. On this basis,
the investigation covered three phases, as follows:

Phase I made use of materials selected to provide a variation in
compressive yleld stress with a substantially constant Young's modulus.

Phase II made use of materials selected to provide a variation in
Young's modulus with a substantially constant compressive yield stress.

Phase III made use of materials selected to provide a variation in
both Young's modulus and compressive yleld stress with a substantially
constant compressive yileld strain.
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The materisls used in each of the three phases covered, together
with their pertinent properties, are presented in the following table:

Material E, ksi Ocys ksi €cy

Phase I

758-T6 aluminum alloy 10.5 x 107 72.6 0.0089

61S-T6 aluminum alloy 10.5 43.3 .0061

528 --};H aluminm alloy 10.2 25.6 .0045

755-0 aluminum alloy 10.5 15.1 . 0034
Phase I1

SAE 1010 mild steel 29.3 x 107 25.2 0.0029

Copper 15.7 25.6 .00%6

528 -%H aluminum alloy 10.2 25.6 0045

FS-1h magnesium alloy 6.5 2L.6 .0058
Phase IIT

18-8-%1 stainless steel 29.0 x 107 111.3 0.0058

Ti - %ﬁ titenium 1.5 68.2 L0067

6$1S-T6 aluminum alloy 10.5 43,3 .0061

FS-1h magnesium alloy 6.5 2h.6 .0058

The average longitudinal stress-strain curves obtained from the
Plat-sheet materials in their final condition as used for the fabrication
of the test panels are presented in figures 2(a), 2(b), and 2(c) for
phases I, IT, and IIT of the investigation, respectively. Both the steel
and the copper materials required various treatments in order to give
them the properties shown; accordingly, their stress-strain curves as
given are not representative of commerciglly available products.

TEST SPECIMENS

The proportions of the panel cross sections were varied systemati-
cally from a minimm bS/tS of 25 and a minimum bw/tw of 12.5. Panel

specimens were divided into two groups. In one group the cross section
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was varied by increasing all width-thickness ratios for the plate ele-

ments in the same proportion.

In the other group, the stiffener cross

section was held constant and the stiffener spacing was varied. Nominal

dimensions of the test specimens and a typical cross section are given in

table 1 and figure

1, respectively.

Por simplicity in identifying the specimens, they are designated by
numbers indicating pertinent dimension ratios separated by dashes as

follows:

Pirst number represents the ratio bwltw

Second number represents the ratio bS/tS

Third number represents the ratio L/p

Thus, panel 12.5-25-20 bas a ratio byfty of 12.5, a ratio bS/tS

of 25, and L/p of 20.

In all cases, actual sheet thicknesses were

measured before construction was started, and all dimensions were
adjusted so that the completed specimens had, within 2 percent, the
following dimension ratios:

Ratio of stringer|Ratio of stringer|Ratio of stringer|Ratio of specimen
thickness to skinj web width to spacing to skin |length to radius
thickness, thickness, thickness, of gyration,
ty[ts by [ty bg[tg L/p
1.00 i2.5 25 20, 40
1.00 18.75 37.5 20, 40, TO
1.00 25 50 20, 40, 70, 110
1.00 37.5 5 20, 4o, 70, 110
1.00 12.5 25 20, ko
1.00 12.5 37.5 20, 40, TO
1.00 12.5 50 20, ko0, 70, 110
1.00 12.5 ™ 20, 40, 70, 110

On all specimens, stringers were attached to sheet with l/8-inch-

diameter universal-head rivets (AN470-4-5) at 3/8-inch pitch.

In an

effort to keep the effect of riveting on the strength of the panels con-
sistent for all specimens, rivet materials were selected to have the
same nominal stiffnesses as the materials of the panels in which they
were used and, also, as nearly as feasible, the same strengths relative
to the strengths of their respective panel materials.
used are listed in table 2 together with measured values of their shear
and tensile strengths.

The rivet materials
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In this investigation, as in many experimental investigations,
perfect control of all material properties was not possible. Although
the average longitudinal properties of the sheet before forming were,
in general, held to within 5 percent of the desired values, variations
from the average values were appreciable for a few materials (for
example, the titanium). Moreover, the transverse properties in some
cases Were appreclably different from the average longitudinal proper-
ties (for example, the stainless steel), as were the longitudinal prop-
erties in the corners of the Z-stringers after forming (for example, the
755-0 aluminum alloy). Similar difficulties were encountered with the
rivets. In some cases, rivet materials could not be found which bore
the desired relationships in both strength and stiffness to the proper-
ties of the material of the panels in which they were used. (For example,
all rivet materials investigated of the desired stiffness for the mild
steel panels were too strong. See table 2.) In general, the unavoideble
deviations in rivet properties from those desired were probebly small
enough with the strong riveting used (see ref. 14) so that they did not
influence the results of the panel tests appreciably. The effects of
variation in material properties from the average, transversely (see
ref. 15), or due to forming (see ref. 16) unquestionsbly influenced the
results in some cases. The magnitude of the variations from the desired
properties are indicated in table 3 by the numerical tabulations of
values of moduli and yleld stresses. TFor purposes of comparison, average
properties are also given in table 4 in terms of the Ranberg-Osgood
(ref. 13) analytical representation of the stress-strain curve.

METHODS OF TESTING

All specimens were compressed flat-ended, without side support. The
ends of the specimens were ground accurately flat and parallel in a
special grinder and the method of alinement in the testing machine was
such as to insure uniform bearing on the ends of the specimen. Flat-end
tests such as these have been suggested in previous investigations (for
example, refs. 10 and 11) to yield a value of end-fixity coefficient c

of 3.75.

The testing machine used was the 1,200-000-pound-capacity hydraulic
machine of the Langley structures research laboratory. This machine was
especially adapted to these panel tests by rearrangement of the loading
‘system so that, as the upper crosshead moved dovnward to apply load to
the specimen, it also applied load to a 300,000-pound-capacity hydraulic
jack. With this arrangement (see fig. 3), as the specimen reached maxi-
mm load, continued crosshead motion was opposed and controlled by the
jack so that even beyond meximm load the load-distortion characteristics
of the specimen could be cobserved. The Jjack was located external to the
weighing system of the testing machine so that the accuracy of weighing,
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except for possible inertia effects in the unloading region beyond maxi-
mm load, of one-half of 1 percent of the load was maintained. Inertia
effects were most pronounced when the load-distortion curves had the
gregtest negative slopes. 1In these regions, the exact values of load
for given distortion depend upon the mass and stiffness characteristics
of the adjacent load-applying structure. (See ref. 17.)

The loads for local buckling of the sheet were determined by the
strain-reversal method (ref. 18) as the loads at which plots of the
strains near buckle crests first showed decreasing strains with
increasing loads. These plots were obtalned autographicaelly from
12 resistance-type wire strain gages arranged in a pattern on both sides
of the sheet of each specimen so that at least one gage should lie near
a buckle crest.

Curves of average stress plotted against unit shortening were
obtained from all specimens. The unit shortening was measured in two
ways: (1) as the average of the strains indicated by four, long-gage-
length, resistance-type wire strain gages mounted on the guarter-points
elong the length of the second and fifth stiffeners at the center of
gravity of the cross section, and (2) by direct measurement adjacent
to the specimen of over-all shortening of the distance between testing-
machine crossheads. In most cases the measurements obtained by the
latter method were used because they were evidently more reliable, as
indicated both by the character of the shortening curves and by the
relative values of shortening from specimen to specimen. The measure-
ments of unit shortening were probably within 5 percent of the true
values, except possibly in the regions of greatest negative slopes of
the curves.

RESULTS AND DISCUSSION

Experimental results.- The experimental results are presented as
tebulated values of 0Ty (average stress at maximm load), Ocr (stress

for local buckling of sheet), and Ep (unit shortening at maximm load)

in tables 5, 6, and 7, respectively. The curves obtained for average
stress against unlt shortening are presented together with the average
longitudinal stress-strain curves for the panel materials (labeled o-€)
in figures 4, 5, and 6 for phases I, II, and IIT of the investigation,
respectively. It will be noted in tables 5, 6, and 7 that panel speci-
mens are presented in the two groups previously discussed. For con-
venience in making comparisons, the data for the first two panels in
each group have therefore been repeated. For the same reason, this
repetition is found in parts (a) and (e) of figures L, 5, and 6.
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Types of distortion observed.- The distortions of the panels under
load varied with the varying proportions and materials from local buckling
of the plate elements to columm bending of the panel as a whole. No rivet
failures occurred. Panel failures were accompanied by twisting of the
Z~stringers for both local buckling and column bending; observation of
failure, however, was inadequate to determine whether the twisting was a
cause of failure or a result of other failing modes. Twisting was accen-
tuated when over-all bending occurred (as the panel length increased)
because the panels generally bowed toward the skin so that the compres-
sive stresses in the outstanding flanges of the Z-stringers were Increased
at the midlength of the panel where twisting was a maximum. The bowing
toward the skin, caused by the initial curvature induced in the panels
by the riveting, correspondingly reduced the compressive stresses in the
skin so that buckling of the skin generally was delayed as the panel
length increased. Buckling of the skin was also delayed slightly by
end effects for the short paneis with wide stringer spacings for which
the panel length was not several times the stringer spacing.

Experimental scatter.- Despite the fact that greater control was

exercised over the construction of the specimens than in previous NACA
panel investigations, by the preselection of materials of desired prop-
erties and by the adjustment of dimensions according to measured sheet
thicknesses to give desired rather than nominal dimension ratios, some
experimental scatter still occurred in the results. This scatter is
menifested: (1) by the higher values of average stress at maximm
load Ef which were measured ln some cases (notably'copper) for the

panels having L/p = 40 +than for the corresponding panels having
L/p = 20 (table 5); (2) by the various values of stress for local
buckling of the sheet 0., measured for the same cross section; and

(3) by the curves of average stress against unit shortening. In part
at least, the experimental scatter can be attributed to Initial eccen-
tricities in the specimens; such eccentricities would probably have
greater influence on the measured values of o,,. than on 0Tp, and even

greater influence on the detailed character of the plots of average
stress against unit shortening (figs. 4, 5, and 6). The plots of
average stress against unit shortening were also affected by the work
hardening of the corner material which occurred during formin% of the
stringers. This work hardening was sufficient in some cases (notably
755-0, see table 3) to cause the curves of average stress against unit
shortening to exceed the stress-stralin curves for the unformed material.
Accordingly, the shortening curves given should be considered as appli-
cable to the individual panels as tested rather than as precisely char-
acteristic of a given cross section and material.

Observed effects of material properties.- No detailed analysis of

the test results is included herein. However, some further analysis is
presented in reference 19. The following gross effects of variations
in material, however, are immediately evident from the test data:
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For phase I (0cy varied, E constant):

(1) An increase in Ocy alweys increased the value of op~ (table 5).

(2) An incresse in ocy increased the value of 0,,. Whenever
buckling occurred in the plastic stress range (table 6).

(3) An increase in Ooy generally increased the value of Ef

(table 7). Exceptions to this statement occurred particularly for the
short panels (L/p = 20) of T75S-0 material, for which the plots of average
stress against unit shortening had very flat maximums (fig. 4), probably
in part because of the continuously rising stress-strain curve for this
maeterial beyond the yleld. This continuously rising stress-strain curve
is indicated pictorially in figure 2(a) and analytically, as noted in
table 4, by the fact that the Ramberg-Osgood formulation is inadequate to
describe the curve. In fact, above the yield stress a straight line with
a substantially positive slope 1s an excellent representation of the
measured stress-strain properties (this might be thought of as represen-
tative of contimuously decreasing values with Increasing stress of the
exponent n in the Ramberg-Osgood formula).

(4) An incresse in Oey (which was accompanied in general by smaller

slopes of the stress-strain curves at stresses beyond the yield stress;

in the Ramberg-Osgood formulation of the stress-strain curve, such smaller
slopes are represented by larger values of the exponent n, see table L)
generally caused the average stress carried by the panels at values of
unit shortening greater than Ef to decrease more rapidly as values

of € were increased.

For phase II (E varied, ocy constant):
(1) An increase in E always increased the value of Gp (table 5).

(2) An increase in E generally increased the value of Oor

(t&ble 6). The one exception to this statement occurred for the cross
section with the smallest ratios of width to thickness of its plate
elements (bS/tS = 25); for this section the buckling stresses were well

up in the plastic range (Fcr = 21.8 ksi for 528-%H aluminum alloy,
Ocp = 22.7 ksi for FS-1lh magnesium alloy, see table 6).

(3) An increase in E generally tended to decrease the value of €,

(table 7). Although there were numerous individual exceptions to this
statement, the trend is in the direction of somewhat smaller values of
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unit shortening at failure for higher values of the modulus, with the
exception of short panels having smgll values of width-thickness ratios
for their plate elements. For these latter groups of panels (for which
failure was primarily by local buckling), the values of Ef tended to

increase with increasing values of E. The fact that increases in E
did not produce more substantial decreases in Ef may be associated

with the more continuously rising stress-strain curves at high stresses
for the SAE 1010 and the copper materials than for the 528-%3 and the
FS-1h (see fig. 2(b)). The sharper knees of the curves for the latter

two materials are also indicated by the higher values of n in their
Ramberg-0Osgood formulation (see table L).

(4) An increase in E appeared to cause the average stress carried
by the panels at values of unit shortening greater than €y +to decrease

somewhat less rapidly as € increased (fig. 5). This trend, however,
may be more associated with the more continuously rising stress-strain
curves at high stresses of the stiffer materials than with their higher
modulus values (see discussion of effect of variation of €p with E).

For phase IIT (E and ogy varied, €cy constant):

(1) An increase in both E and o always increased the value

of dp (table 5).

cy

(2) An increase in both E and Oy always increased the value
of o, (table 6).

(3) An increase in both E and ocy tended to increase the value
of €p (table T) for the shortest panels (L/p = 20) for which failure

was primarily by local buckling. For the longest panels (L/p = llO), for
which failure was primarily by column bending, the value of E} was
fairly constant despite the variations in E and Ooy- The increasing

values of Ef with increasing E and Ucy in this phase of the inves-

tigation may also be attributed to the more conmtinuously rising stress-
strain curves of the 18—8-EH and the Ti-—%ﬁ (see fig. 2(c)). The values
of n in the Ramberg-Osgood formulation for these two materials (see

table 4) are the smallest of those for all the materials investigated.
The titenium panels consistently gave the highest values of €p, par-

ticularly in the shorter lengths. The particularly high values of Ef
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for the titanium may be in part associated with the fact that this
material did not show increased values of o¢y in the corners of the

Z-stringers after forming (table 3); the associated unit-shortening
curves (fig. 6) were gently rounded, without sharp knees, and with
fairly flat maximums.

(4) An increase in both E and Ucy had no appreciable effect upon

the relative rate of decrease of load-carrying capacity of the panels
with increasing values of unit shortening for values of € greater
than €e.

T

CONCLUDING REMARKS

In order to provide data to be used as a basis for the correlation
of the strength of skin-stringer compression panels with thelr material
stress-strain properties, tests were made of panels of a wide range of
systematically varied proportions and materials. The gross effects of
variations in yleld stress, Young's modulus, and both yleld stress and
Young's modulus for constant yield strain are revealed by the data
obtained on the average stress at maximum load and on the stress for
local buckling. The measured curves of average stress against unit
shortening presented, however, provide more complete detailed informa-
tion on the characteristics of each cross section of each material to
use as a basls for analysis.

Langley Aeronautical Laboratory,
Netional Advisory Committee for Aeronautics,
Langley Field, Va., November 13, 1953,
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TABLE 1

NOMINAT, DIMENSIONS OF TEST SPECIMENS

I:Symbols used for panel dimensions are given in fig. ];I

Panel number ts, tw, bS, bW’ L,
(2) in in. in in, in.

12.5-25-20 0.064 0.06k4 1.60 0.80 6.32
12.5-25-40 .06k .06k 1.60 .80 12.64
18.75-37.5-20 .06 .06k 2.40 1.20 9.40
18.75-37.5-40 .06kL .06k 2.40 1.20 18.80
18.75-37.5-T0 .06kL .06k 2.40 1.20 32.90
25-50-20 .06k .06l 3.20 1.60 12,40
25-50-40 .06k .064 3.20 1.60 24 .80
25-50-T0 .06k .06k 3.20 1.60 43.40
25-50-110 .06L .06k 3.20 1.60 68.20
37.5-75-20 .06 .06k 4.80 2.h0 18.12
37.5-75-40 .06k4 .06k k.80 2.40 36.24
37.5-T5-70 .064 .06k 4 .80 2.40 63.42
37.5-75-110 .06k .06k k.80 2.40 99.66
12.5-37.5-20 .06h .064 2.h0 .80 5.92
12.5-37.5-40 .064 .064 2.40 .80 11..84
12.5-37.5-70 .06h .06k 2.40 .80 20.72
12.5-50-20 .06 .06k 3.20 .80 5.56
12.5-50-40 .064 .06k 3.20 .80 11.12
12.5-50-T70 .064 .06k 3.20 .80 19.46
12.5-50-110 .06k .064 3.20 .80 30.58
12.5-75-20 .06 .06h 4,80 .80 5.02
12.5-75-40 .06k .06h 4.80 .80 10.04
12.5-75-T0 .064 .06k 4.80 .80 17.57
12.5-75-110 .064 .06k 4.80 .80 27.61

8rirst mumber gives value of bw/tw, second number gives value
of bs/ts, and third number gives value of L/p.
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TABLE 2

PROPERTTES OF RIVET MATERTALS USED IN TEST SPECIMENS

Panel Rivet Rivet ultimate | Rivet ultimate

material material shear stress, tensile stress,
ksi ksi
18-8- EH Monel 66.2 118.4
SAE 1010 aTron : 28.5 k5.7
Ti-%ﬂ Beryllium-Copper 58.0 89.5
Copper alopper 18.0 41.8
755-T6 ohs-Th h7.9 57-3
61S-T6 535-T61 26.5 38.9
523-%3 535~ o1 33,2
755-0 25F 13.2 17.2
FS-1h FS-1 22,4 3.0

8In order to reduce both shear and tensile strengths
without appreciably reducing the tensile stiffnesses, both
iron end copper rivets were notched with a thin circumfer-~
ential cut at the parting line of the two sheets. These

notches were essentially closed after driving.

given are based on the full shank area.

Stresses

15
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TABLE 3
MEASURED VALUES OF YOUNG'S MODULUS AND COMFRESSIVE YIELD

STRESS FOR MATERTALS USED FOR TEST SPECIMENS

[A11 values in ksi:l

Longitudinal
Longitudinal Transverse in formed
corners
Material

Maximum Average Minimm Average Average

E Oey ho Ucy E crcy E crcy °cy

18-8-1?3 30.0 x 10° |117.7[29.0 x 10°|111.3|28.5 x 10°|110.7/30.9 x 107 [170.0| 166.0
SAE 1010{33.1 26.9(29.3 25.2{24.9 2k.1[31.0 30.7 46.3
Ti—ll;-H 15.3 90.8[1k.5 68.2[1%.0 57.0(15.1 88.8 68.2
Copper [16.9 29.4 [15.7 25.6 (1.5 21.5 |17.4 31.0 37.%
™BS-T6 |10.6 73.0[10.5 T2.6|10.5 T2.4[10.5 T7.2 85.6
61S-T6 [10.6 43.7[10.5 43,3 ]10.5 42.9{10.5 1.6 46,7
523-%11 10.5 25.8 l10.2 25.6(10.0 25.410.2 26.5 28.2
755-0 [11.0 15.5[10.5 15.1{10.1 1%.7]10.6 14.8 27.5
FS-1h 6.6 25.2{ 6.5 24.6| 6.2 23.6| 6.6 25.3 31.3
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TABLE L

VALUES OF CONSTANTS FOR RAMBERG-0SGOOD FORMULATION € = % + K(%)n

OF STRESS-STRATN PROPERTIES OF MATERTALS USED

Constants for Constants for Constants for
terisy | St oo | svemge tramverse | shreas-strain curve for
X n K n K n
18-8- 1.0 x 10° 5.6 7.2 x 107 5.1 9.0 x 107 3.8
8AE 1010 | 28.9x 103 | %5.8 2.1 x 102 | Bg.0 82,3 x 1011 85.0
T1-11;H 1.6 x 16° 5.1 2.2x 10 | 9.9 1.6 x 10° 5.1
Copper 2.7 x 1012 5.1 a7.8x 102 | ®9.0 2.7 x 1029 12.0
T59-16 1.8x 102 | 14.8 8.1x 1039 | 20 2.0 x 104 23
615-16 5.2x 10°° | 22 T.2x 1099 | 31 1.3 x 106 8.0
528 - 8.0 x 102* | 10.6 3.2 x 1007 | 14.0 2.2 x 100 9.0
T55-0 a3,1 x 1018 | a7 81,5 x 1018 | a7.3 1.4 x 1023 10.0
FS-1h b7.8x 1039 [ P18 | P2.6x 10150 | Py 3.3 x 1013 7.0

aRamberg-—Osgood formula gives good representation of the stress-strain curve for
stresses less than or aspproximately equal to the yield stress. For higher stresses the
following equations may be used:

((1ongitudinel) e =2+ (8.9 x 1015)(%)5'8 + (3.0 % 1071)(%)2”

SAE 1010 4 (transverse) € =

Hla

+ (1.1 X 102-)(%)8‘0 + (1.2 % 1 )(%)35

g( corner) € =

Hla

* (2'3 X 10].1)(%)5-0 + (1.8 x 10105)(%)50
Copper (transverse) € = %.,_ (7.8 % 1021)(%)9.0 . (1.7 x 101#0)(%)52

(longitudinal) e = (1.08 X 10-3)(a - 15.1) + 0.00345
T58-0 .
(transverse) € = (1.35 X 10'3)(c - 16.0) + 0.004T72

n
byariation of Ramberg-Osgood formuls (e = EUT + K(‘EUT) - 0.0002) where

E' = 5.72 X lO3 ksi glves good representation of the stress-strain curve for
o g 10.0 ksil; for lower stresses, € = %.
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TARLE 7

VAIUES OF UMIT CHORSENIRG AT MAXTHIM LOAD FOR PARELS OF VARIOUB HATERTALS
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Ogy» KB 2.6 LR, 5.6 15.1 29.2 5.6 23,6 o8 111.5% 68.2 k3.3 6
Pamal nmbar Phana T Phogs TT FPhase TII
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125250 L0058 OOk T 000 0055 00R8 006 L0040 Lokl L0057 % O . Ookk
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Fiqure |.— Symbofs for panel dimensions,
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(a) %y varied, E constant,
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Flgure 2,— Properties of materials used for test specimens,
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(b) E varied, o, constant.

Figure 2.— Continved.
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Figure 3.- Test set-up, showing Jjack and yoke arrangement at top of
loading system to conmtrol crosshead motion beyond maximum load.
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Figure 4. — Curves of average stress against unit shortening
for phase I panels.
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Figure 4. — Continued.
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